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We investigate acoustic emission (AE) that arises during the martensitic transition in a 
polycrystalline specimen of the prototypical superelastic/elastocaloric alloy Ni50.4Ti49.6 
(at. %) driven using tensile strain. We use two independent AE sensors in order to 
locate AE events, and focus on contributions to the AE that arise away from the grips of 
the mechanical testing machine. Significant AE activity is present during the first 
mechanical loading primarily due to nucleation and growth of wide Lüders-like bands 
during the forward martensitic transition (imaged using visible light and infrared (IR) 
radiation) that lead to persistent changes in intergranular interactions. AE activity is 
suppressed during the subsequent reverse martensitic transition on unloading, and in 
successive loading/unloading cycles, for which the Lüders-like bands narrow and 
modify intergranular interactions to much less extent. After the first loading, we find 
that the AE activity associated with the martensitic transition is weak, and we suggest 
that this is because the elastic anisotropy and strain incompatibility in Ni-Ti are low. We 
also find that the AE activity becomes weaker on mechanically cycling due to increased 
retained martensite. 
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I. INTRODUCTION 
 
Ni-Ti alloys that are slightly rich in Ni content display thermally driven structural phase 
transitions near and below room temperature between a high-symmetry austenitic phase 
that is body-centred cubic (B2, space group Pm3̅m), and a low-symmetry martensitic 
phase that is monoclinic (B19’, space group P21/m), often via an intermediate 
martensitic phase that is rhombohedral (R, space group P3 or P3̅) [1,2]. Instead, when 
being driven using stress or strain, these so-called martensitic transitions yield 
superelastic effects [2–4] and elastocaloric effects [5–8]. These functional properties 
make Ni-rich Ni-Ti alloys attractive for a number of industries, e.g. for applications in 
medical instrumentation and implants [4], actuators [3,4], or in refrigerators and air-
conditioners [9–17]. 
For many such applications, Ni-Ti alloys are arguably preferred in polycrystalline form 
due to the relative ease of production and machining when compared to single 
crystals [18]. However, polycrystallinity introduces complexity to the 
thermomechanical properties of these alloys, and plays an important role in their fatigue 
life during prolonged operation [19–22]. For example, tensile-stress-driven transition 
fronts propagate across grains via nucleation and growth of localised macroscopic shear 
bands known as Lüders-like bands [7,23–27], whose complex hierarchical architecture 
is not yet fully understood despite extensive experimental and modelling work [28–30]. 
Moreover, x-ray diffractometry [31], transmission electron microscopy [32], and 
modelling [33] have recently revealed that a number of interconnected phenomena need 
to be considered simultaneously when understanding fatigue, namely retained 
martensite, residual strain due to gradual redistribution of internal stresses (which result 
in decreased transformation stresses and increased plastic deformation), and 
accumulation of defects at grain boundaries [31–33].  
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Here we use acoustic emission (AE) to investigate tensile-strain-driven B2-B19’ 
transitions in a polycrystalline specimen of the superelastic/elastocaloric alloy 
Ni50.4Ti49.6. AE is a phenomenon by which alloys that display structural phase 
transitions can rapidly dissipate the accumulated elastic energy that is associated with 
differences in the lattice parameters of the transforming phases [34–37]. However, AE 
can also arise from irreversible dissipative processes within the material, such as 
dislocation motion, internal friction and fracture [38–40], and from irreversible 
dissipative processes caused by the grips of machines during mechanical testing, such as 
surface friction and plastic deformation [41–43]. AE from structural phase transitions 
normally does not occur smoothly but through avalanches, due to interactions between 
transition fronts and structural imperfections, such as dislocations, or chemical 
imperfections, such as local fluctuations in composition and impurities [37,43,44]. 
Near-equiatomic Ni-Ti polycrystalline alloys have been previously investigated using 
AE [45–47], but under a limited number of mechanical loading/unloading cycles, and 
without location of AE, which permits eliminating extrinsic contributions that arise near 
the grips of the mechanical testing machine. Dunand-Châtellet and Moumni assigned 
their total AE recorded during mechanical cycling to dislocation formation and micro-
cracking [45], whereas Pieczyska et al. assigned their total AE recorded during one 
single cycle to the B2-B19’ transition [46], despite AE being detected before the plateau 
in the stress-strain curve that marks the occurrence of the martensitic transition [2,48–
50], suggesting that this AE could arise from the mechanical testing machine. In 
contrast, we use two independent sensors to locate and analyse AE that arises away 
from the grips of the mechanical testing machine, and we drive multiple times the 
martensitic transition using strain because irreversible energy dissipation is larger when 
driving the transition using stress [51]. Moreover, we record simultaneously optical and 
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infrared images in order to compare AE data with nucleation and propagation of 
transition fronts. Our main findings are (i) that the AE activity is only strong during the 
first loading, due to persistent changes in grain configuration and dislocation density  
associated with the nucleation and propagation of Lüders-like bands that are wide, (ii) 
that the AE activity on subsequently driving the reverse transition is weak, which we 
attribute to the existence of two soft deformation modes for the transition, and (iii) that 
the AE activity becomes weaker with mechanical cycling due to the gradual increase in 
the amount of retained martensite. 
 
II. MATERIALS AND METHODS 
 
A. Samples 
 
0.2-mm-thick Ni50.4Ti49.6 polycrystalline cold-rolled sheets, with average grain size 
~45 μm, and front-surface roughness of ~0.5 μm, were purchased from Memry 
Corporation. The composition of the alloy was determined by averaging values obtained 
via energy dispersive x-ray analysis [Ni50.3Ti49.7 (at. %), with uncertainty of ~0.2 at. %] 
and x-ray fluorescence [Ni50.5Ti49.5 (at. %), with uncertainty of ~0.3 at. %]. Transition 
temperatures were determined via differential scanning calorimetry, with austenitic 
finish temperature ~290 K (Supplementary Note 1, [52]). Calorimetric measurements 
also revealed a thermally driven two-step martensitic transition B2 ↔ R ↔ B19’. 
The cold-rolled sheets were cut along the rolling direction into dog-bone shapes that are 
suitable for mechanical testing [Figure 1(a)], using a waterjet cutter (samples SP1-3) 
and a wire electrical discharge machine (sample SP4). Waterjet cutting resulted in 
lateral-surface roughness of ~26 μm, whereas electrical discharge machining resulted in 
smoother lateral-surface roughness of ~9 μm (estimated using optical microscopy, 
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Supplementary Note 2, [52]). For samples SP1-4, the initial gauge length L was 80 mm, 
and the initial gauge width W was 10 mm [Figure 1(a)]. 
 
B. Experimental methods 
 
Mechanical testing was performed using a Zwick/Roell Z005 tensile testing machine 
(class ISO7500/1), equipped with two grips, and a 5kN XForce P-load cell with force 
resolution of 20 N and displacement resolution of ±2 μm. All tests were performed by 
displacing the upper grip at constant speed (2 mm min-1 for AE experiments and optical 
microscopy; 25 mm min-1 for IR microscopy), and the corresponding strain was 
calculated as the ratio of the displacement over the initial gauge length L. 
AE sensors (micro-80 from EPAC, 10-mm diameter) were attached to the wider 
shoulders of samples SP1&2 on either side of the gauge section [regions R1 and R2 in 
Figure 1(a)], using a thin layer of Vaseline for improved acoustic coupling. The 
frequency response of the sensors was relatively broad and spanned 200 kHz – 1 MHz. 
For our AE studies, the signal from the sensors was first pre-amplified (×103) and then 
fed into the data-acquisition system (PCI-2 from EPAC). Individual AE events were 
identified and recorded when the pre-amplified input signal from any of the sensors 
exceeded the measurement threshold of 22 dB. The duration D of each AE event was 
determined as the time passed between when the signal first exceeded the measurement 
threshold, and the signal remained below the measurement threshold for 200 μs. The 
energy E of each AE event was determined as the ratio of the integral of the squared AE 
signal over the entire duration of the event D, and a reference resistance of 10 kΩ. AE 
activity was determined as the number of events per second, computed from the AE 
signal using constant intervals of one second each. 
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The location z of AE events along the length of the gauge region was determined via 
z = (L/2)(1 - Δt/Δtmax), where Δt is the time difference between the detection of the same 
event by each of the two AE sensors, and Δtmax = 40 μs is the time required for sound to 
travel between the two sensors when they are L = 80 mm apart, which was 
experimentally determined by emitting sound waves using one of the detectors, and 
recording them using the other detector. (Note that Δtmax should be < 40 μs according to 
L = 80 mm and the speed of sound v ~ 5000 m s-1 for polycrystalline Ni-Ti [53], but in 
practice the imperfect acoustic contact between sample and detectors introduced delays; 
note also that this formalism ignores small delays due to variable gauge length, and 
finite gauge width, which lead to a combined uncertainty of ~7% in location values 
along the length of the gauge region.) For the small number of AE events that were 
successfully located, E was obtained as the geometric mean of the energy of the 
corresponding individual events, in order to correct for acoustic attenuation [54]. 
X-ray diffraction was performed using Bragg-Brentano geometry and Cu Kα1 = 
1.5406 Å in an X’pert PRO PANalytical PW3040 diffractometer, in the mechanically 
unloaded sample SP3, at room temperature.  
Grayscale optical images were recorded for sample SP1 at 25 Hz using a Zwick/Roell 
video camera equipped with a 768×576-pixel 17.5-bit-resolution detector. IR images 
were recorded for sample SP4 at 115.5 Hz using an Infratech ImageIR MCT 8800 
camera with a 640×512-pixel 8.0-10.2-μm-spectrum detector. The use of a microscope 
lens with 50-mm fixed focus led to a spatial resolution of ~34 μm per pixel. In order to 
record true temperature (with 0.04 K resolution), the sample was sprayed with a thin 
layer of matt black paint (PNM, electrolube) of known emissivity. Average sample 
surface temperature was obtained as the arithmetic mean of the temperature recorded at 
each pixel. 
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III. RESULTS AND DISCUSSION 
Figure 1(b) shows the recorded stress-AE activity versus time data for sample SP1. The 
AE activity during the first loading is high, but decreases dramatically during 
unloading, and remains low on further cycling until the 65th loading when the sample 
breaks down and there is a sudden increase in the AE activity due to fracture. 
Figure 1(c) shows the corresponding evolution with mechanical cycling of the stress-
strain curves. For each cycle, the initial elastic behaviour on loading is followed by a 
stress plateau that is associated with the strain-driven B2-B19’ martensitic transition (cf. 
Refs [2,48–50]; Supplementary Note 3, [52]). On unloading, strain is not reversibly 
recovered for the first 40 cycles, after which reversible superelasticity is achieved. This 
irreversibility in strain is understood to arise due to slip plastic deformations in the 
sample [31–33], whose resulting internal stresses lead to retention of martensite in the 
unloaded state, and work hardening [31–33]. Retained martensite favours the formation 
of strain-driven martensite on further cycling, thus reducing the value of the 
corresponding transformation stress [Figure 1(c)], and work-hardening results in 
plateaus with finite slope [Figure 1(c)]. We note that the large apparent irreversible 
strain after the first mechanical cycle arises primarily due to the sliding of the dog-bone-
shaped sample at the grips of the testing machine during the initial stages of loading, 
suggesting that the corresponding high AE recorded during the first loading is mostly 
due to dynamic friction between the grips and the sample, as shown in more detail later. 
In order to confirm the presence of retained martensite, we performed x-ray diffraction 
in sample SP3 after the 1st and the 10th loading/unloading cycles (after #1 and after #10, 
Figure 2), and compared the resulting patterns with that obtained prior to mechanical 
testing (virgin, Figure 2). After cycle #1, there is no apparent increase in the amount of 
retained martensite. After 10 cycles, the small decrease in intensity in the austenite 
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diffraction peak 110, and the simultaneous small increase in intensity in some of the 
martensite diffraction peaks, indicate that the amount of retained martensite increased 
somewhat with mechanical cycling. Retained martensite tends to form near slip plastic 
deformations, and its built-in internal stress tends to assist with the formation of strain-
driven martensite [55], consistent with our observation of reduced transformation stress 
on mechanical cycling [Figure 1(c)]. 
Figure 3(a) shows details for a small number of selected loading/unloading cycles, 
namely initial cycles #1-3, and final cycles #64-65. For cycle #1, there is an intense AE 
activity on elastic loading (Figure 3(a), region 1), which is primarily due to dynamic 
friction between the grips of the mechanical testing machine and the sample, and plastic 
deformation induced by the grips, given that almost no AE events are detected within 
the gauge section as shown later. This extrinsic contribution to the AE, which we will 
not consider any longer, is followed by weaker AE activity during the strain-driven 
transition plateau on loading (Figure 3(a), region 2), and even weaker AE activity 
during unloading (Figure 3(a), region 3). Given that there is no apparent increase in 
retained martensite after the first mechanical cycle (Figure 2), we infer that the stronger 
AE recorded during the first loading arises primarily due to the changes in grain 
configuration and dislocation density associated with the nucleation and propagation of 
localised wide Lüders-like bands. For cycles #2-3, the AE activity is qualitatively 
similar but one order of magnitude less. We note that the degree of attenuation of 
ultrasound pulses travelling between the two AE sensors did not change between cycles 
#1 and #5, indicating that the observed suppression of AE activity is not due to 
increased acoustic losses. The last two cycles #64-65 display very low AE activity, 
apart from the intense AE activity due to sample fracture at the very end of the 
experiment. This latter AE activity arises within < 1s from mechanical failure, in 
9 
 
agreement with a previous observation that Ni-Ti breakdown occurs shortly after crack 
nucleation [50]. 
For the same selected cycles, Figure 3(b) shows the spatial distribution of the AE events 
that were successfully located during the strain-driven transition on loading. For 
cycle #1, the located AE events during the transition plateau are spread across the gauge 
section. We note that only three AE events could be located within the gauge section 
during the first elastic loading, confirming that the corresponding intense AE activity 
[orange line in cycle #1, Figure 3(a)] arises almost exclusively due to grips-sample 
interactions. For cycle #2, the located AE events are concentrated in the bottom half of 
the gauge section, and for cycle #3, only a small number of AE events could be located 
due to the weak AE activity. For cycle #65, located AE events concentrate near the top 
shoulder of the dog-bone-shaped sample where fracture occurred, indicating that the 
location method is robust. 
Figure 4 shows energy distributions of AE events, and of their duration, for cycles 
#1-65, during the strain-driven transition on loading [(a-d) and (g,h)] and unloading 
[(e,f)]. For cycle #1, the energy distribution of AE events on loading [Figure 4(a)] 
displays a power-law behaviour [37,56,57] with a small negative slope, indicating that 
most AE events are energetic and short. The corresponding time distribution of AE 
energies during the transition plateau [Figure 4(b)] displays a power-law behaviour with 
D ~ E1/3 indicating that the transition dynamics is scale invariant. Cycles #2-64 display 
similar behaviour on loading [Figure 4(c,d)] and unloading [Figure 4(e,f)], but with 
poorer statistics due the small number of AE events recorded. Sample fracture on cycle 
#65 produced a small number of long energetic AE events [Figure 4(g,h)]. 
Figure 5 shows optical images recorded during the mechanical cycling described above, 
at strain value of 3%, which falls within the transition plateau. A small number of wide 
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Lüders-like bands are present during the first loading/unloading cycle, and the bands 
become more in number and gradually narrower on successive loading/unloading 
cycles, in agreement with previous observations [23]. The angle between the bands and 
the vertical loading axis is ~55°, which minimizes the strain incompatibility at the 
interface between the elastically strained austenite and the strain-induced martensite 
[58,59].  
Figure 6 shows corresponding IR images on a separate sample SP4 that was cycled at a 
faster rate in order to detect thermal changes. Lüders-like bands are visible in the first 
loading/unloading cycle, but fade rapidly with further cycling [7]. The forward 
martensitic transition on loading results on heating of the sample, and the reverse 
transition on unloading results on cooling of the sample. The average temperature 
change ΔT on loading is ~26 K, and on unloading is ~ -28 K, which represent a giant 
elastocaloric effect [5–8]. Higher temperature leads to higher critical transition stress [7] 
and results in transition plateaus of finite slope [Figure 6(c)].  
It is well known that martensitic transition fronts in Ni-Ti polycrystalline alloys under 
tension propagate across grains in a localised manner [7,23–27], in order to satisfy the 
strain compatibility between austenite and martensite on a macroscopic length scale. 
This macroscopic compatibility leads to enhanced local stresses in grains within the 
transition front, which permit reaching simultaneously critical transition stresses in 
grains of different orientation. The enhanced local stresses in transforming grains also 
lead to enhanced dislocation motion and plastic deformation via slip mechanisms [31], 
which can generate significant AE, and result in persistent changes in intergranular 
interactions via e.g. changes in relative orientation and size of grains, as observed using 
spatially resolved electron backscatter diffraction in Ref. [23].  
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Figure 7 shows time-dependent stress and AE activity plots for a separate sample SP2 
that was subjected to two loading/unloading cycles (i) prior to thermal reset, (ii) after 
ex-situ 1-hour annealing at 100°C, and (iii) after ex-situ 1-hour annealing at 250°C. The 
strong AE activity recorded during the first transition plateau prior to annealing is not 
recovered after either thermal treatment, demonstrating that this activity arises primarily 
due to changes in grain configuration and dislocation density [31]. This is because 
annealing temperatures are too low, and annealing times are too short, to cause any 
significant recrystallization [60], such that the AE activity recorded after either thermal 
treatment arises primarily due to the martensitic transition in the accommodated grains. 
(The intense AE activity that arises during each of the initial elastic loadings is again 
due to sliding of the dog-bone-shaped sample at the grips that occurs after each 
mounting of the sample in the mechanical testing machine.) 
Rather unusually, after the first loading the AE that arises from the martensitic 
transition is weak. We attribute this to the good elastic compatibility between the B2 
austenitic phase and the B19' martensitic phase [61,62], and to the very low value of the 
elastic constants associated with the two deformation modes that underpin this transition 
[63]. These two factors may result in a suppression of the elastic energy associated with 
differences in the lattice of the two transforming phases, and therefore in weak AE 
during the transition within and across the accommodated grains. It has been proposed 
that the B2 cubic phase transforms into the B19’ monoclinic phase via the combination 
of shear and shuffle strains of basal {110} planes along <1-10> directions, and shear 
strains of non-basal {001} planes along <1-10> directions [3]. The first deformation 
mode is associated with the shear elastic constant c' = (c11-c12)/2, which is usually low 
for alloys that display martensitic transitions (< 20 GPa) [18,63–70]. The second 
deformation mode is associated with the shear elastic constant c44, which is usually high 
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for alloys that display martensitic transitions (~100 GPa) [65–70], yielding large values 
of elastic anisotropy A = c44/c' = 2c44/(c11-c12). (c11, c12 and c44 are the three independent 
elastic constants for cubic systems.) The unusually low values of c44 for Ni-Ti 
alloys (< 40 GPa) [18,63,64] lead to unusually low values of elastic anisotropy A for the 
B2 austenitic phase, particularly near the martensitic transition where both shear moduli 
soften [63]. For example, A ~ 2 for Ni-Ti [63,64], a value that is 7 times lower than 
those for Cu-based shape memory alloys [65–67], and 3-5 times lower than those for 
Ni-Mn-based shape memory alloys [68–70], for both of which only one soft 
deformation mode is available [shear and shuffle strains of basal {110} planes along 
<1-10> directions], and display strong AE activity when driving the transition 
mechanically (Supplementary Note 4 in [52] and Refs [34,43,44]) or thermally 
[57,71,72]. Our experimental observation of weak AE in mechanically cycled Ni-rich 
Ni-Ti polycrystalline alloys is consistent with recent phase-field models [73,74] that 
predict that martensitic transitions in alloys with low elastic anisotropy become 
smoother and take place via low-energy avalanches, which are challenging to detect 
using AE. On sustained mechanical cycling, the weak AE becomes even weaker due to 
accumulation of retained martensite, which favours the formation of strain-driven 
martensite and weakens the first-order character of the B2-B19’ transition [31–33]. 
 
IV. SUMMARY AND CONCLUSIONS 
We investigated changes in AE on mechanically cycling polycrystalline Ni50.4Ti49.6 
alloys across the tensile-strain-driven B2-B19’ structural phase transition that is at the 
core of their superelastic/elastocaloric properties. Persistent changes in the configuration 
of grains that are forced by elastic compatibility between transforming grains of 
different orientation lead to strong AE activity only during the first mechanical loading. 
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The AE activity associated with the martensitic transition in the accommodated 
polycrystal remains weak throughout cycling, because the elastic compatibility between 
the transforming phases is high, the elastic anisotropy of Ni-Ti is low, and the first-
order character of the transition weakens with increased retained martensite. 
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FIG. 1. AE on mechanically cycling the B2-B19’ martensitic transition. (a) Schematic 
of the dog-bone shaped samples used for mechanical testing, with gauge length 
L = 80 mm and gauge width W = 10 mm. R1 and R2 indicate the position of the AE 
sensors. (b) Stress (left-hand-side axis) and AE activity (right-hand-side axis) as a 
function of time. (c) Corresponding stress-strain curves. AE activity data in (b) and 
stress-strain data in (c) are colour coded according to cycle number (–, cycles #1-7; –, 
cycles #8-15; –, cycles #16-23;  –, cycles #24-32; –, cycles #33-40; –, cycles #41-48; –
, cycles #49-56; –, cycles #57-65). Black arrow in (c) represents time. Data taken for 
sample SP1. 
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FIG. 2. Detail of selected x-ray diffraction spectra recorded before mechanical cycling, 
(virgin, –), after the first mechanical cycle (–, after #1), and after the tenth mechanical 
cycle (–, after #10). Vertical pink lines indicate indexed Bragg reflections for the 
austenitic B2 phase (Ref. [75]); vertical black lines indicate indexed reflections for the 
martensitic B19’ phase (Ref. [76]); vertical purple lines indicate indexed reflections for 
the martensitic R phase (Ref. [75]). Data taken for sample SP3. 
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FIG. 3. Spatially resolved AE. For selected mechanical cycles (#1-3 and #64-65) in 
Figure 1(b), we plot (a) stress (left-hand-side axis) and AE activity (right-hand-side 
axis) as a function of time, and (b) location of individual AE events along z, grouped 
according to their energy E. In (a) and (b), grey vertical lines separate elastic loading 
(region 1), transition plateau on loading (region 2) and transition plateau on unloading 
(region 3). In (a), – represents AE activity recorded during elastic loading, and – 
represents AE activity recorded during the rest of the mechanical cycle. In (b), the size 
of the symbols represents their energy. Data taken for sample SP1.  
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FIG. 4. Energy distributions. For the loading transition plateau during cycle #1 in Figure 
3(a) (region 2), we plot the distribution in energy of (a) AE events and (b) duration. 
Panels (c-d) show corresponding data collected for subsequent cycles #2-64. For the 
unloading transition plateau [region 3 in Figure 3(a)], we plot the distribution in energy 
of (e) AE events and (f) duration for cycles #1-64. For the ultimate mechanical fracture 
that occurred during cycle #65, we plot the distribution in energy of (e) AE events and 
(f) duration. Black lines in (a-b) represent power-law fits, with exponents of 1.4 and 1/3, 
respectively. Colour scales in (b, d, f & h) represent number of AE events. Data taken 
for sample SP1. 
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FIG. 5. Optical imaging of Lüders-like bands. Images of the gauge section, taken at 
strain values of 3% that fall within the transition plateau for cycles #1 (a), #2 (b), #3 (c), 
#4 (d), #5 (e), #10 (f), #20 (g), and #30 (h). For cycle #1, a complete set of images for 
the full mechanical loading is available via Supplementary Video S1. Data taken for 
sample SP1. 
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FIG. 6. IR imaging of Lüders-like bands. (a) Images of the central gauge section, taken 
during the transition plateau for cycles #1-3 and #7. (b) Average sample temperature as 
a function of time. The corresponding stress-time plots are shown in (c). Grey numbers 
and red symbols in panels (a-c) indicate the instants in time when the IR images were 
recorded. A complete set of images for the full mechanical loading is available via 
Supplementary Video S2. Data taken for sample SP4, which broke down after 200 
cycles, in agreement with previous observations [49,77]. 
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FIG. 7. Thermal reset. Stress (left-hand-side axis) and AE activity (right-hand-side axis) 
as a function of time, recorded prior to thermal reset, after ex-situ 1-hour annealing at 
100°C, and after ex-situ 1-hour annealing at 250°C. Vertical purple lines indicate when 
the thermal treatments were performed. – represents AE activity recorded during elastic 
loading, and – represents AE activity recorded during the rest of the mechanical cycle. 
The sample broke down during the 6th mechanical cycle. Data taken for sample SP2. 
 
